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Basic RVS retrieval equations (1)

f (DN bcs) = Lbcs ) R VSbcs + (T _ R VSbcs) ) Lsm + 5bkg
) = ) ] Lsm + 6bkg

f(DN, )=¢-L, -RVS, + (t—RVS,,,
f(DN,,)=L,,-RVS,, +(t~RVS,,) L, +5,,

Svs A TAY

f(DN)=a, +a, - DN +a, - DN?

where T is the MODIS fixed optics total throughput, and L is the

Planck function radiance integrated over each bandwidth.

(Eq.1)
(Eq.2)

(Eq.3)
(Eq.4)
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Basic RVS retrieval equations (2)

(Eq.1) - (Eq.3) gives
b, -dn,, +(L,, - L,,) RVS,, +a,-dn, =(L, —L,) RVS

SVS bcs

(Eq.5)
(Eq.2) - (Eq.3) gives ! -

bl ) dnobc + (sts _ Lsm) ) RVSsvs + a2 ) dn2 = (8 ) Lobc _ Lsm) | RVSobc

obc
(Eq.6)
where

b =a, +2a, DN, (Eq.7)
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Basic RVS retrieval equations (3)

(Eq.5) / (Eq.6) gives
RVSbcs — € - Lobc B Lsm ] dnbcs . (1 + Al + AZ) (Eq8)

RVS

obc

L

bcs

— Lsm dn’obc
where correction due to temperature difference between sm and svs 1s

AI _ RV svs (Lsm _ sts) ) (dnbcs _ anbc) (Eq.9)
bl ' dnbcs ' dnobc

and the correction due to non-linear term 1s

AZ = % . (dnbcs o dnobc) | (quO)

1
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Drifting of linear coefficient b,

As shown in (Eq.7)
b,=a,+2a, DN_,

where the a, is a function of FPA temperature, and DN, drifts as

SVS

background fluctuates, thus, b, will fluctuate as DN, and FPA

SVS
temperature drift, and hence needs to be retrieved scan by scan as

Lobc — Lsm)

(e
n

+ higher order terms, (Eq.11)

obc
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Error sources in RVS retrieval

e Temperature measurement error in
Tbcs’ T T Tsvs
¢ OBC effective emissivity €,

obc® - sm?

e DN measurement errors due to
cross-talk, finite resolution, ...

F0



Error Analysis in RVS (1)

From (Eq.8), the complete rvs differential equation 1s
(correction terms are ignored in this analysis)

d(rvs) _ d1n(rvs) A
rvs O€ .

obc

_l_&ln(rvs) AT 4+ dIn(rvs) AT+ d1In(rvs)

bcs a]w obc a]'v
sm

obc

ADN, . + d1In(rvs) ADN , + d1In(rvs)
JDN JDN

obc SVS

(Eq.12)

AT,

bcs
N dIn(rvs)
JDN

bcs

ADN_

#/



Error Analysis in RVS (2)

(due to the error in € ,)

dIn(rvs) L
AE, = obe . A€ Eq.13
o€ obe [e L. — Lsmj e (BQ-13)

obc obc ~obc

This is a systematic bias error, which is independent of the
AOI. Since rvs will be renormalized later at a particular
AOI angle, this bias error will essentially be “renormalized
out” and thus will not contribute to the total rvs error.
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Error Analysis in RVS (3)

(due to the errorin T, T,,., T,, measurements )

cs’ 0
An(rvs) \ o _(_~Liy ) A7 | (Eq.14)
a]_l; R bes Lbcs . Lsm bes q-
Bln(rVS) A . — gobcl’obc . AT;bc . (qus)
aTvobc 8obc obc Lsm
dIn(rvs) AT = -L N L, .AT. (Eq.16)
m;m 8obc Lobc _ Lsm Lbcs — Lsm

A system bias error in AT , combining with the terms in (..), will
be constant across the AOIs, thus won’t effect the renormalized
rvs, only the local fluctuated error in AT will contribute to the
errors in rvs.
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Temperarure (C)

9 PRTs Output from BCS 1st Bounce Plate on RVS Test [320K_3]
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Error Analysis in RVS (4)
(due to the errors in DN, ,DN_, ,DN_ )

JdIn(rvs) | 1
ADN. = -ADN
IDN, bes (DN,M _ DNMJ bes (Eq.17)
dIn(rvs) ADN,, = —1 .ADN (Eq.18)
BDNO,)C DNobc _ DNsvs
oIn(rvs) \p._ = m 1 -ADN,,,
aD]sts DNbcs_DNsvs DNobc_DNSVS
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Error Analysis in RVS (5)
Oo(RVYS)

2

O'(rvs)z\/oﬁb +0; +0; +0p, +0'DN +0py

VS

The RSS ignores the correlation relationship between the
variables, thus will result in either over-estimating or
under-estimating the total 1-sigma error in rvs.
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RVS fitting equations and procedure (1)

The MODIS polarization theory (Appendx A) gives

where 7 is the MODIS fix-optics total throughput (or A, component

of the fixed-optics 4x4 Mueller matrix), and 1) is the A, component

of the matrix, and rvs is the re-normalized RVS, and
p ) T p p EA — p s p P

__ | =
P= P

(Eq.21)

Using (Eq.12), together with RVS data and p, and p, functions fitted
to the NPL scan mirror reflectivity data, Tand 71 can be determined by
Least-Square fitting procedure, thus, completes the RVS fitting.
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Eq.12 1s an exact relationship between the R 1d scan mirror
retlectivities |

* If we assume that the fixed-optics parameter C is the same for
the FM1 and PFM. then PFM RVS can be retrieved from

a A Swas A A AVAe LALANWA/EL A L AVA AN Y WweALL U

the PFM scan mirror reflectivity measurement from NPL as

b 24 B N

—_— YA . Q,\ (
"Voprm = Ppem ™ Y1~ OP prm \
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Appendix A: MODIS Polarization Theory (1)

S=D-A-M-L

S = at-detector radiance (a scalar quantity)

D =[D,0,0,0] 1s the detector vector

A = the Mueller matrix for the fixed optics

M = the Mueller matrix for the rotating scan mirror

L = the Stokes vector for the at-aperture radiance field

S =D-A-M(p,) L, +D-A-M(¢,)-L,, + O
S,=D-A-M(g,) L, +0,,

AS, =D-A-M(p,)-L,,+D-A-M(,) L, -D-A-M(,)-L,,
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Appendix A: MODIS Polarization Theory (2)

L, =[L,.000 L,=[L,.00,0]

AS, - {on, ) pa,)}Lw+D{gAOJ[Mj()(ew)—Mj()(esv)]}Lm

AS,, = RVS, L, +(RVS, —RVS, )L,

A A Y

RVS = DZAOijO(p)
j=0
1

M, ZE(PS_PP) MOO:%(;OS+PP)

Ps t P Ps — P, 0
RVSZAOO[ > p}"'Am[ > } TJIszlp'"Am'dB
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Comparison of Highbay polarized RVS,
quadratic fit to Highbay RVS and quadratic fit
to NPL average reflectance data
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B20 RVS quad_fit (solid line), RVS c_fit (dashed line), rho_avg (dotted line)
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B22 RVS quad_fit (solid line), RVS c_fit (dashed line), rho_avg (dotted line)
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B27 RVS quad_fit (solid line), RVS c_fit (dashed line), rho_avg (dotted line)
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Scan Mirror brightness temperatures (Tsm=270K) |

These temperatures are determined from the scan mirror absolute radiance emission, i.e., not the net radiance difference

between the Earth View scan mirror emission and the Cold Space View scan mirror emission.
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Preliminary Estimated Scan Mirror Signal-to-Noise Ratios (SNRs)

(for radiance emitted from the scan mirror for 1 minute data collect based on T/V measured
SNRs; assumes Tsm=270K and T_fpa constant at 83K)
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Highbay Response vs Scan Angle
(RVS)

(Test Results, PFM Retrieval Methodology and On-orbit Validation Issues)

Presented to MODIS Science T ed’m
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Outline

1) Introduction

2) Highbay RVS measurement approach

3) Scan mirror witness sample polarized reflectance measurements
4) Unpolarized equations used for test data processing results

5) Raw data analysis, corrections and fitting results

6) Summary of SBRS Highbay RVS results

7) Summary of polarized equations used for test data processing

8) Polarized response fitting results

9) RVS Uncertainty Approach and Analysis

10) On-orbit RVS Determination via S/C Maneuver Issues

11) Discussion of phenomenological based RVS retrieval approaches
12) Discussion
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Overview of Highbay RVS
Measurement Approach



Highbay RVS Test Key Features

e Test configuration:

MODIS aligned on rotary table (ROTAB)
Cold FPAs cooled with BTC
OBC Blackbody maintained at 310K

MWIR and LWIR PV detectors operated with “optimum CSUB”
setting (not applicable for PC detectors)

SVS positioned at SVP; operated at ambient temperature

BCS aligned and operated at one of two temperature settings
(310K and 320K)

e 3 data collects taken (310K_1, 320K_2, and 320K _3)

Data collects spanned 8 to 10 hours, each



FM1 Highbay RVS Test Configuration

BTC

BCS

at
310-320

BCS
Controller




T A

Summary of FM1 Highbay
Measurement Angles for 320

Scan Angle AOI
Coliect # (Degrees) (Degrees)
i8 -53.62 11.19
1 53.21 11.39
2 53.01 11.50
3 -44 .88 15.56
5 23.50 26.25
10 -10.41 32.80
6 -0.41 37.80
7 9.59 42.80
8 25.61 50.80
9 37.64 56.82
i1 37.64 56.82
i2 44 .63 60.32
16 44 .63 60.32
13 52.11 64.06
14 53.33 64.67
15 53.33 64.67
17 53.33 64.67
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WeteL(A, Tp1) + WeaeL(A, Tr2) + WoseL(A.Tr3)

Lscs

BCS Trapezoid Configuration Achieves > 0.998 Emissivity (From SBRS)
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RVS [320_3] BCS Effective Temperature; from PRT#1-15; BDATB93.0UT
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BCS First Bounce Plate Temperature
Sensor Arrangement

Scan Direction >

- Track
Direction

View is back of BCS
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The MODIS On-Board Calibrator

(OBC) Blackbody |

12X 39.2°

13x 1.31

12 CUIS

13X—+—=3+———o0

' §

/

More than 90% of the reflected light

e—

undergoes at least four specular
reflections to achieve > 0.992 emissivity

Dimensions: Inches
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Unpolarized Equations
Used for Analysis of Highbay
- RVS Test Data
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RVS Equations (cont’d)

Relationship between the BCS path radiance and the detector’s
response

RVSg - Lgvse) +(T—RVSg)-Lgy +Lpgg = DNgyg + by - DNgyg (2)

From Equationé (1) and (2)

RVSgcsee) - (Lpese) —Lism) = by - (DNpeg =D NSV.S)

For highbay test Ty = Tgyg. For Tgeg = 320K, the second term
on the RHS of Equation (3) is ~ 0.1%, then

DNpcg —DNgyg - (4) |

RVSBCS(e) =b;-
LBCS(G) —Lgvs /8



(o]
The normalized RVS (to AOI = 10.75")
Ny RVS. o P
N =T T EBOM(Y
RVSNo™ (g) = ® __ - f(DNg, A, Ts, €0pc, 0) (0)




RVS Uncertainty

Approach 1

f(DNg, A, Ts, €opc,0) — f(x;,0) (7)

RVSNO™(9) = — = ;
f(DNg, A, Ts,€0pc,0 =10.75°)  f(y;,0 =10.75%)

ARVSN™(0) v 00 Ax
RVS™O™(@) ax, f(x,0) (8)

Approach 2

Computer RVSNem(Q). for Measurement 1 (=1, 2, 3)
(frame, scan, channel average)
ARVS™™(8) = stdev{RVS"°™(8),,RVS"°™(8),,RVS™*™(0),}  (9)
2o



Scan Mirror Witness Sample
Reflectance Measurements
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Summary of NPL Scan Mirror Witness
Sample Polarized Retlectance Measurements

e 2 witness samples from PFM scan mirror (SNO3 and SNO4), and 2 witness
samples from FM1 scan mirror (SNO8 and SN16)

— SNO3 and SN0O4 samples previously measured by Lincoln Laboratory on two
separate occasions

e Measured s and p polarization reflectance of 4 witness samples over 2.50 to
15.15 micron wavelength region, in 10 cm! increments, for 10°, 26.7°, 38.0°,
50.0° and 65.5° Angles-of-Incidence (AOIs).

» NPL estimated 95% confidence level uncertainties quoted at:

+0.4% for s-polarization for 2.5 to 12.5 microns range, rising to £0.4% to +0.7%
between 12.5 and 15.15 microns. Except +0.3% for 10° AOI over the whole
wavelength range.

10.3% for p-polarization

» Average reflectance results compare to within +1% with Lincoln Laboratory
measurements for SNO3 and SN04 samples

» Significant differences between PFM and FM1 samples exist

22



Summary of Scan Mirror Witness Sample
Polarized Reflectance Measurements

PP | 4 PPN <

— Sample-to-sample variations for

SN08/SN16 samples

rmteehtnd Axsraraca Daflantnn ~rno yrasciro A MNT
Clglllcu VYCl agC INCULIOLULALILOED VOLIODUD AL
W
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FM1 Scan Mirror Witness Sample Average Polarization Reflectances vs AOI
(NPL Measurements of Witness Samples SNO8 and SN16 with Quadratic Fit)
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Summary of Highbay RVS
- Measurements
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Summary of Data Analysis

 Raw (not-normalized) RVS data results
— 16 bands, 10 channels*, 3 RVS data collects (310K_1, 320K _2, and 320K _3)
— data points averaged over 40 scans and ~50 framesT, with 1-sigma error bars
— data collected at 10 AOIs; repeated measurements at 4 AOIs
— corrected for drift (via bl changes), and T_svs # T_sm effect

» Normalized RVS fitted results
— raw RVS data averaged over: 40 scans; 50 BCS frames' (with a few exceptions
regarding # of frames to assure all data in BCS sweet spot)

— averaged data preliminarily fitted to a Normalized Best-Fit Quadratic (NBFQ)
function on channel-by-channel basis

— RYVS data normalized to average response (40 scans; 50 BCS framest) at BCS
AOI=10.75°"

* B22, channels 1-7, and B36, Channel 6 deleted due to obvious saturation/noise problems

1 some exceptions to 50 BCS frames depending on location of BCS sweet spot on band-by-
band basis

4%



1) Normalized RVS vs AOI - channel dependent (averaged over 40 scans and 50 BCS
frames’; for 16 bands and 3 data collects)

2) Normalized RVS vs AOI - data collect dependent (averaged over 40 scans, 50 BCS
frames' and 10 channels®; for 16 bands)




Channel-by-Channel
Highbay RVS Raw Data Results

(after correction for drift via reference to OBC blackbody)
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hart comparing Tsm=Tsvs

"sm#Tsvs correction
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Channel 8 Raw <RVS>,q scans VS AOI for 50 BCS Frames

(310K_1 Data Set; Mirror A; w/50framex40scan Average and 1-o¢ Error Bars; Optimum CSUB; Repeat AOls in Color)

B20, CSUB:3 B21, CSUB:1
HERE
‘ :. ; I 1 1010 % . | I
[ { é 1 §T1§ 1 0.997 6 £ ea § %
% %ll i%'? i 0983 ' I I $é
b1 . Lot A R .Jl* 0.970 ) U T . 1
0O 20 30 40 50 60 70 10 20 30 40 50 60 70
B24, CSUB:3 B CSUB:2
T 1.0033 ¥ ;
1

ol LB i
o.ggsoT $ l ﬁ‘? { 0.9966 ﬁﬁ §
ogsostl .t * o FEL ] 0994s e H
16 20 30 40 S50 60 70 106 26 30 40 50 60 70
29, CSUB:3 B30, CSUB:4
1.010 [~ e 1.008 M e
0.995} § §§§ 1.001 l E I l +
| r T Tes T
Colel [T 4]
0.966 !ﬁ* . 0.986F‘ L] %ﬁ 1
8 _
0.951 . . . . ﬁ 0.979[ . . . L IL
10 20 30 40 50 60 70 10 20 30 40 50 60 70
B33, CSUB:1 B34, CSURB:1
N T T
vl 1811 ook 1 E84Y ]
) i [
0971} ! 4I-IT 1 o971 t l l +TTL 1
0.950 F f%ﬁ 1 o.94s %%ﬂ ]
0.928 . . , e LLIW. T 0.927 . , . A
10 20 30 40 50 60 70 10 20 30 40 50 60 70

o)
it

o)
)
—
—
o
A

1.0043

3% 1 1.0015

}
$ O.QQBBH
i

n oo

= .
7 V.9YouU

g
R 2 oot Y B
b e i

4 1.003}F
4 1.000H:

T U.aa/

0.9933 lee . , N
10 20 30 40 50 60 70
B27, CSUB:1
0.9404 "L T
N Q348K 4 I l -
"""" 117 3
. $T17
0.9291 L QI E
8T
0.9235 iIgg -
0.9178 L
10 20 30 40 50 60 70
B31, CSUB:1
1.007 . - -
t i
0.998} L I T T
0.989 ; .
A F
0.980 *éﬁ .
0.970 . . . . fl&
10 20 30 40 50 60 70
B35, CSUB:1
1.015 - - - - '
T e L[]
0.992F I ; 4; + 1 .
0.969 L l l T TTL .
bl
0.922 . . 1 . s 2
10 20 30 40 50 60 70

B23, CSUB:2

1.006

0.994 =

|
paorl
1

20

30 40 50
B28, CSUB:2

'T;II

111

20

30 40 50
B3B8, CSUR:1

o0, LU

1 '
ool 1 d4% |
0.960 Ji l J Jf%‘{' .
bl -
0.910 R A . L T;l;gm_‘
10 20 30 40 50 60 70

Instrument & Source Drift Corrected via OBC bl (1st order); Tg#Tsys Term Excluded)

-
L



Channel 8 Raw <RVS>,; ccans VS AOI for 50 BCS Frames

(320K_2 Data Set; Mirror A; w/50framex40scan Average and 1-o Error Bars; Optimum CSUB; Repeat AOIs in Color)
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Channel 8 Raw <RVS>,; scans Vs AOI fo

r 50 BCS Frames

(320K_3 Data Set; Mirror A; w/50framex40scan Average and 1-o Error Bars; Optimum CSUB; Repeat
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Channel 8 Raw <RVS>,; ccans VS AOI for 5 Frames

(320K_3 Data Set; Mirror A; w/50framex40scan Average and 1-o Error Bars; Optimum CSUB; Repeat AOIs in Color)
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Tsm=Tsvs/ Tsm*Tsvs L ]
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Normalized RVS with weighted
quadratic fit

Quadratic function normalized at 10.75% AOI
Channel 8 processed assuming Tsm=Tsvs

'Channef 8 for 320K 3 data collect with
Tsm#Tsvs correction
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(310K_1 Data Set; Mirror A; w/50framex40scan Average and 1-o Error Bars; Optimum CSUB; Repeat AOIs in Color)
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Channel 8 Normalized <RVS>,;  cans @ 10.75° vs AOI for 50 BCS Frames with Quadralic I'it
(320K_2 Data Set; Mirror A; w/50framex40scan Average and 1—o¢ Error Bars; Optimum CSUB; Repeat AOIs in Color)
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Channel 8 Normalized <RVS>,; cans @ 10.75° vs AOI for 50 BCS Frames with Quadratic I'it
(320K_3 Data Set; Mirror A; w/50framex40scan Average and 1-¢ Error Bars; Optimum CSUB; Repeat AOls in Color)
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Channel 8 Normalized <RVS>,; cans @ 10.75° vs AOI for 50 BCS Frames wilh Quadratic Fit
(320K_3 Data Set; Mirror A; w/50framex40scan Average and 1-o0 Error Bars; Optimum CSUB; Repeat AOls in Color)
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Normalized RVS (@ 10.75°) and Quadratic Fit vs AOI of 10 Channels for 310K_1 Dala Sel; Mirror A
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Polynomial coefficients result from the average (dashed line) of unsaturated channels
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Normalized RVS (@ 10.75°) and Quadratic Fit vs AOI of 10 Channels for 320K_2 Data Sct; Mirror A

Polynomial coefficients result from the average (dashed line) of unsaturated channels
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Normalized RVS (@ 10.75°) and Quadratic Fit vs AOI of 10 Channels for 320K_3 Data Set; Mirror A

Polynomial coefficients result from the average (dashed line) of unsaturated channels
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